Asia dust generated in northern China exerts significant influences on regional air quality, weather, and climate. In this study, a dust identification algorithm over arid and semiarid regions of Asia was proposed based on the thermal observations of atmospheric infrared sounder (AIRS). Firstly, a combination of the line-by-line (LBL) and discrete ordinates radiative transfer (DISORT) model was utilized to investigate the thermal infrared signatures of dust and cloud in 800-1250 cm −1 region. Secondly, six channels in the thermal infrared region were selected from AIRS to monitor dust from space, and a further sensitivity analysis for dust and cloud under different conditions was also performed. Then, the description of the detailed identification method was provided based on distinct thermal infrared signature of dust. At last, several dust events that observed in northern China between the period of 2008 and 2012 were analyzed, and the usefulness of monitoring the outbreaks of Asian dust was emphasized through the comparison with moderate resolution imaging spectroradiometer (MODIS) visible observations and cloud aerosol lidar with orthogonal polarization (CALIOP) data in this study.
Introduction
In spring, the arid and semiarid regions of northern China are dry and often windy [1] , providing the favorable conditions for the development of dust activities [2, 3] and making China the most important dust source regions in Eastern Asia [4] [5] [6] . The elevated mineral dust which is mainly distributed in the troposphere [7] [8] [9] [10] can affect climate on various spatial and temporal scales [11] through a series of complex direct and indirect radiative forcing [12] [13] [14] [15] . Recently, owing to the climate change and excessive land use, dust events occur more frequently around the world [16, 17] . Therefore, it is necessary to monitor its distribution and study how it changes.
Since the advent of satellite technology, monitoring dust from space has become one of the most important focuses among the many atmospheric scientific issues [18] . In last decade, much progress has been made in the remote sensing of dust using various VIR (visible and near-infrared) and TIR (thermal infrared) techniques [19] [20] [21] [22] [23] [24] [25] [26] [27] . Recently, the potential possibility of utilizing the microwave and Lidar measurements to monitor dust from space was also discussed by many researchers [28] [29] [30] . Among the many techniques, it has been proved that the infrared hyperspectral resolution remote sensing has the distinct advantage in monitoring dust over arid and semiarid surfaces and even in the nighttime [31] [32] [33] [34] [35] [36] [37] . Sokolik [31] carried out the research on the infrared hyperspectral radiative signature of wind-blown mineral dust, concluding that dust has a significant influence on the retrieval accuracy of surface and atmospheric parameters. Hong et al. [32] made a deep investigation on the infrared signature of overlapping cirrus clouds and mineral dust, which founds that the the thermal infrared spectral features in the 1100-1200 cm −1 and 1400-1850 cm −1 regions can be used to retrieval the optical thicknesses of the dust and cirrus cloud, respectively. Pierangelo et al. [26, 33, 34] proposed an algorithm to retrieve the optical depth, effective radius, and height of dust over the Atlantic Ocean from AIRS data based on the fast line-by-line Automatized Atmospheric Absorption Atlas (4A) model. DeSouza-Machado et al. [35, 36] using AIRS observations developed fast optical depth and height retrieval methods through the analysis of infrared dust spectral signatures over ocean, and the results show good 2 Advances in Meteorology correlation with MODIS products. Based on the RTTOV 1DVAR algorithm, Yao et al. [37] retrieved the Asia dust top height and infrared optical depth over land from AIRS observations, and the optical depths retrieved from AIRS correlate favorably with the visible optical depths from OMI.
Although remote sensing dust using hyperspectral infrared measurement has made considerable progress in the last decade, more efforts still need to do both in the forward simulation and retrieval method, especially at nighttime and even when the condition of dust and cloud are cooccurrence in the same atmospheric column. As the accurate dust detection result is critically important for the properties retrieval, this study focuses on the dust identification over arid and semiarid regions using thermal infrared hyperspectral sounding data from AIRS. The paper is organized as follows: a description of used satellite remote sensing dataset is given in Section 2; Section 3 makes a comprehensive analysis on the thermal infrared signatures of dust and cloud, and the detailed dust identification algorithm is also given in this section; detection results and comparison with MODIS and CALIOP observations are performed in Section 4; summary and conclusions are given in the closing section. [38] on board Earth Observing System (EOS) Aqua platform in the A-Train constellation which launched on May 4, 2002, is the first new generation of high spectral resolution of infrared sounder. It has 2378 infrared channels which can measure the earth outgoing radiation in 3.7-15.4 m region (3.75-4.58, 6.2-8.2, and 8.8-15.4 m) with a spectral resolution of /Δ = 1200 and spatial resolution of 13.5 km (nadir field of view). The primarily task of AIRS is to obtain the highly accurate temperature profiles within the atmosphere plus a variety of additional Earth/atmosphere products (surface temperature, water vapor, and cloud properties) [39] [40] [41] to conduct the further research on climate changes and weather forecasting. Additionally, AIRS can also measure the information of dust properties by taking advantage of the high spectral resolution longwave dust-sensitive radiance measurements as described above. In this study, the daily level 1B datasets which are downloaded from Goddard Earth Sciences Data and Information Services Center (GES DISC) are used to monitor and analyse the dust of Asia.
Satellite Remote Sensing Data

AIRS. The AIRS instrument
MODIS.
The MODIS sensor shares the Aqua satellite with AIRS (there are no temporal artefacts on the observed scene between the two instruments) which has 36 channels with wavelengths from 0.41 to 14.385 m and nadir spatial resolutions of 0.25 km, 0.5 km, and 1 km [42] . It is considered as a key instrument to improve our understanding of global dynamics and processes occurring on the land, in the oceans, and in the lower atmosphere. Its level 2 aerosol products [43] use three different algorithms (Ocean, Dark Target, and Deep Blue) to monitor the ambient aerosol optical thickness over the oceans globally and over the continents. The Deep Blue algorithm [20] was developed to get the aerosol optical depth over bright land areas. Generally speaking, high values of the deep blue optical depth over the arid and semiarid regions are usually related to more dust loading in the atmosphere, vice versa. Here, the level 1B RGB composition images (R: channel 1, G: channel 4, and B: channel 3) and level 2 deep blue aerosol optical depth product (MYD04) which are downloaded from International Cancer Alliance for Research and Education (ICARE) is used to evaluate and analyse the results of proposed dust identification algorithm.
CALIOP.
The Cloud Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument on board the CALIPSO platform which can provide the unique measurements of the global vertical distributions of clouds and aerosols both at day and night [36] . It is a two-wavelength Lidar that transmits and receives backscattered light at laser wavelengths of 532 nm and 1064 nm. The vertical resolutions are 30 m from the surface to 8 km altitude and 60 m above the 8 km altitude. The minimum horizontal resolution of a single profile is 330 m, and a typical horizontal averaging interval is 5 km for aerosol and dust. CALIOP is a nadir only sensor which follows a similar ground track to AIRS (offset by 170 km from AIRS nadir). It is also a member of the A-Train constellation, which means that measurements from AIRS and CALIOP can be easily compared to each other. In this paper, the L1 532 nm backscatter data and L2 aerosol subtype products from the CALIPSO Search and Subsetting web application are used to evaluate the dust identification results during nighttime.
Physical Basis and Method
Physical Basis.
Generally, almost all dust events, especially the dust storms, are related to cold front and cyclone activities [1] ; consequently, dust and cloud more often coexist in the same scene. In order to differentiate dust from other targets, the thermal infrared signatures of dust and cloud are investigated. To acquire the spectral brightness temperatures at the top of atmosphere, the discrete ordinates radiative transfer (DISORT) model in conjunction with a line by line (LBL) model is used to simulate the thermal infrared signatures of dust and cloud in the 800-1250 cm −1 region with a spectral resolution of 0.1 cm −1 . Considering that the optical properties of dust are mainly depending on the mineralogical composition and particle radius (the nonspherical effect is small over IR spectral range [44] ), accurate refractive indices and size distribution are required for the simulation. Han et al. [45] founded that the Volz dust-like refractive indices [46] can well represent the optical properties of Asia dust. Therefore, the bulk extinction coefficient, single scattering albedo, and phase function of Asia dust are calculated with Lorentz-Mie scattering based on the dust-like refractive indices and OPAC typical accumulated dust size distribution [47] . For the description of cloud, the water and ice cloud is investigated. The optical properties of water cloud are calculated through LorentzMie scattering with an effective radius of 10 m [48] , and the optical properties of ice cloud are derived from Baum et al. [49, 50] with an effective radius of 30 m.
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Many researches have proved that dust is generally located around the 1-5 km in altitude [22, 26, 34, 37] , and sometimes it can be transported to the 8-10 km [51] levels of atmosphere when the conditions permit. In present simulation, the spectral brightness temperatures of dust for a 3 km height in conjunction with an optical thickness of 1.0 (at infrared wavelength of 10 m, 1000 cm −1 in wavenumber) are simulated. In addition, the thermal infrared signatures of typical water and ice cloud [48] are also studied for the purpose of comparing and analyzing the spectrum difference between dust and cloud. The water cloud layer with an optical depth of 15.0 in an altitude of 1 km height was assumed, and the ice cloud layer is considered at a 10 km height atmosphere with an optical depth of 3.0. Moreover, the atmospheric molecular absorption is calculated from the LBL model based on the middle latitude winter standard atmospheric profile, the surface temperature, and emissivity are assumed as 290 K and 1.0, respectively. At last, the nadir infrared spectral brightness temperatures of clear sky, dust, and cloud are calculated through the DISORT and LBL models. Figure 1 shows the forward simulation results, and all the input variables are listed in Table 1 .
From Figure 1 (a), it is easy to see that the spectral segment of clear sky in 800-1250 cm −1 region is essentially flat except for the ozone strong absorption region (nearly around the region of 1000-1060 cm −1 ). However, in the present dust ( Figure 1(b) ), it not only decreases the brightness temperatures in the whole spectral region of 800-1250 cm −1 but also displays a "V" spectral shape which is resulted from a negative spectral slope in 800-1000 cm −1 subregion and a positive spectral slope in 1060-1250 cm −1 subregion. In addition, the overall variation patterns of the two subregions are nearly symmetric although the slope in the positive region is a little bit sharper. Unlike the spectral variation caused by dust, clouds reveal some different characteristics. In Figure 1 (c), it is obvious to see that ice cloud generally shows a reversed spectral feature with dust. The spectrum in 800-1000 cm −1 region is marked with a positive slope whereas the variation of brightness temperatures in 1060-1250 cm −1 region is generally flat. For the spectral signature of water cloud, it is much more similar to the clear sky, even though the brightness temperatures in the subregion of 800-1000 cm −1 are generally higher than the subregion of 1060-1250 cm
Actually, the obvious "V" spectral shape of dust in the region of 800-1250 cm −1 probably provides us an opportunity to monitor it from space.
Channel Selection.
It is common to know that water vapor and ozone are the main absorption gases in the thermal infrared region of 800-1250 cm −1 . Thus, the selected dust observation channels should be either highly sensitive to dust or less/no sensitive to water vapor and ozone. Actually, there are many channels that may satisfy the criteria. However, as the extinction abilities of dust in the adjacent channels are basically similar, consequently, the brightness temperature differences between these channels are generally small, and then the spectral shape of dust can be easily affected by nondust factors. Therefore, in order to more accurately depict the unique "V" spectral shape of dust in the 800-1250 cm
region, six channels with obviously different dust extinction abilities are selected, as shown in Table 2 . And the redundant channels with similar transmittance to these six channels are removed, even though they also can be used to monitor dust from space. It is interesting to note that all the selected channels have a high transmittance except for the 1239.68 cm −1 channel. Under the condition of clear sky, the radiances measured in this channel will generally low than the others. However, as it has less dust extinction compared with other channels, the relative changes in radiances observed in this channel can be used as a good indicator of dust.
Sensitivity Analysis.
Based on the selected AIRS observation channels, the spectrum variation patterns of dust and cloud under different conditions are further discussed. The high resolution monochromatic radiances of the scenes are integrated with the filter function over the bandwidth of selected channels to acquire the channel brightness temperatures. Specially, if not specified, the default input parameters of the following simulation are set as values listed in Table 1 , and one parameter changes, and the others keep constant. Figure 2 shows the dependence of the channel spectral brightness temperatures on the optical depth, layer height, and effective radius of dust. In addition to the "V" spectral shape of dust that is discussed in Section 3.1, other interesting features can be also noticed from Figure 2 . Figures 2(a) to 2(d) show the spectral variation of dust with optical depth. It is easy to see that the "V" spectral shape is not particularly obvious when dust has a low optical depth. However, with the increase of the optical depth, the slopes of the spectrum in both the 800-1000 cm −1 and 1060-1200 cm
Dust.
regions become more and more sharp, and this variation characteristic is also applicable to the changes of dust layer height. As shown in Figure 2 (e), with the increase of dust layer altitude, the "V" spectral shape becomes more and more clear. These indicate that the thermal infrared measurements are especially suitable for the detection of dust with high optical depth and altitude; however, dust layer close to the surface with a low optical depth can be hardly identified. Figure 2(f) shows the variation of channel brightness temperatures with the change of dust effective radius. In Figure 2 (f), another interesting point to be noted is that the spectral brightness temperature differences between channels become smaller with the increase of particle effective radius. That is to say, the coarse particles can weaken the particular "V" spectral shape of dust.
Cloud.
For the detailed spectrum analysis of cloud in the selected channels, not only ice and water clouds are discussed ( Figures 3 and 4) but also the mixed-phase cloud is Advances in Meteorology investigated ( Figure 5 ), as the mixed-phase clouds are more frequent in the cold front coexist with dust storms over the semiarid region. Like the case for dust, the spectral signature of ice cloud becomes more pronounced as the optical depth (shown in Figures 3(a) to 3(d) ) and layer height (shown in Figure 3(e) ) increase, and the spectrum in 800-1000 cm −1 subregion is gradually featured with a positive slope. It is also interesting to see that the slopes of the spectrum in both the 800-1000 cm
and 1060-1250 cm −1 subregions are sensitive to the variation of ice particle effective radius (as shown in Figure 3(f) ). Specially, ice particles with small effective radius (radius = 10 m in Figure 3(f) ) will reveal a reversed spectral shape with dust, as evident from Figure 3 The thermal infrared signature of water cloud is shown in Figure 4 . In general, the spectral brightness temperatures in the 800-1000 cm −1 subregion gradually become higher than them in the 1060-1250 cm −1 subregion, with the increase of water cloud optical depth (shown from Figures 4(a) to 4(d) ). Moreover, it is evident from Figure 4 that the slope of the spectrum in 1060-1250 cm −1 subregion is becoming nearly zero along with the increasing of water cloud optical depth and layer height. Similar to the dust and ice cloud cases, the increase of water droplet effective radius will decrease the brightness temperature differences in these selected channels, as shown in Figure 4 (f).
For the case of mixed-phase cloud, the optical properties are calculated following the formulations developed by Liou [52] , and Ou et al. [53] using the optical model developed a mixed-phase cloud retrieval method for the sensor of Visible Infrared Imaging Radiometer Suite (VIIRS):
where mix , mix , and mix are the mixed-phase single scattering albedo, Legendre polynomial expansion coefficients, and phase function. Parameters and are the scattering optical depth and total optical depth of mixed-phase cloud, respectively, with subscripts and denoting ice and water clouds. Figures 5(a) and 5(b) show the spectral brightness temperatures of mixed-phase clouds with 1 km and 10 km in altitude, respectively. From Figure 5 , it is clear to see that the spectral variation of mixed-phase cloud is generally between the spectral shapes of ice (Ice (optical depth) = 10.0, Water (optical depth) = 0.0) and water cloud (Ice (optical depth) = 0.0, Water (optical depth) = 10.0), and the spectral characteristic of mixed-phase cloud is basically determined by the fractions of ice and water cloud particles in it. Another interesting point that can be intuitively identified is that the thermal infrared signature of low level mixed-phase cloud is generally consistent with that of water cloud (shown in Figure 5 (a)); however, if the mixed-phase cloud locates at a high level atmosphere, it would reveal a spectral signature more similar to the ice cloud (shown in Figure 5(b) ).
Cloud over Dust.
Many dust monitor researches have focused on the cases of cloud and dust layers which are not cooccurring in the same atmospheric column. However, they are frequently cooccurring over the northwest of China. To investigate the impact of cloud on spectral signature of dust, forward simulation experiments in the cases of thin (optical depth set as 1.0) and thick (optical depth set as 3.0) ice cloud overlapping low level dust are conducted, as shown in Figures 6(a) and 6(b) , respectively.
In Figure 6 (a), it is intuitive to see that the spectral brightness temperatures are depressed with increasing the optical depth of underlying dust. And the spectral shape is gradually transformed from ice cloud only to dust only. As shown in Figure 6 (a), when the optical depth of the underlying dust is larger than that of the thin ice cloud, the spectral signatures of cloud-dust coexisting are highly consistent with that of dust only. However, if the dust layer is covered by a thick ice cloud, as shown in Figure 6 (b), the spectral signatures of cloud-dust coexisting conditions are different from those for ice cloud only or dust alone, especially in the 800-1000 cm −1 subregion. This implies that the case of thick ice cloud overlapping low level dust cannot be easily detected by the thermal infrared measurements.
Method.
In general, the spectral characteristics discussed in the preceding context imply that dust has a unique thermal infrared signature in the region of 800-1250 cm −1 . Indeed, this distinct spectral shape provides us a reliable way to monitor dust through the thermal infrared measurements. Based on the analysis of channel spectral signature, several thresholds and combinations of selected ARIS channels were chosen to identify dust over arid and semiarid region, which are listed in Table 3 . The entire dust test that is listed in Table 3 should generally provide an almost unique signature of dust in the thermal infrared. For any AIRS FOV, if test passes the threshold, it denotes that the pixel is contaminated by dust; otherwise, the FOV is flagged as not dust contaminated, finally.
Results and Discussion
Case: 30 March 2008.
Taklamakan Desert is the world's largest shifting sand desert which is located in Central Asia (northwest China). In order to evaluate the discussed Asia dust thermal infrared signature in the preceding context (Section 3), the brightness temperatures of the selected six channels in the dust region (the blue box region depicted in Figure 7 this figure. Moreover, through the comparison of Figures 7(b) and 2, the spectral variation feature that is observed by AIRS is highly corresponding with the forward simulation experiments. This not only implies the correctness of the results discussed in previous context but also indicates that the "V" shape is the true spectral signature of Asia dust in 800-1250 cm −1 region, which gives us more confidence to monitor the Asia dust using this particular characteristic. Figure 7 (c) displays the dust identification result based on the proposed method. It is obvious to see that the light brownish dust plumes (red arrow cover region in Figure 7 (a)) have been clearly identified by the infrared dust identification algorithm from AIRS observations. Besides, the highly consistent spatial distribution between the dust identification results and MODIS deep blue aerosol optical depth results (Figure 7(d) ) also confirms the point. This demonstrates that the selected thermal infrared AIRS channels can effectively identify the dust from other scenes. Figure 8(a) . As seen in this image, the strong dust activity originates from eastern Taklimakan Desert, blowing massive loose sand and dust particles to the atmosphere and carrying them to the western areas; red arrows denote the coverage of dust. Based on the proposed method, the coverage of this dust event is identified by the selected AIRS channels, which is shown in Figure 8(c) . Through the comparison with MODIS composite image, it is clear to see that the dusty areas can be accurately distinguished from cloud and clear sky regions, and the detected results agree well with those shown in the visible observations. In addition, the distribution pattern of retrieved MODIS deep blue optical depth results (Figure 8(d) ) is also highly consistent with the AIRS dust identification results. This indicates that the thermal infrared measurements are indeed able to successfully pick out the dusty regions over bright surface of arid and semiarid regions. backscatter data (Figure 9(c) The accurate identification results demonstrate that dust which occurred during nighttime can also be effectively detected through the thermal infrared channels of AIRS. , it is interesting to see that both the infrared and visible measurements can easily detect the outbreaks of dust in the areas of cloud and dust layers which are not cooccurring in the same atmospheric column. However, in the blue rectangle region where dust is overlapped by cloud, only little dusty areas can be identified through the infrared or visible observations, even though some thin ice cloud overlapping areas can be successfully detected by the proposed thermal infrared method. This is because cloud can absolutely cover the visible and infrared spectral signature of underling dust when its optical depth is very high, as discussed in Section 3.3. Thus, dust events might be underestimated under the particular condition, and more remote sensing techniques are required in addition to the visible and infrared to solve this problem, such as the infrared and microwave combined method developed by Huang et al. [28] and the active Lidar and infrared combined method developed by Chen et al. [30] . It is interesting to note that all the light brownish dusty regions (red arrow cover regions) in the MODIS RGB composite images can be well detected by the proposed infrared AIRS dust identification method, and all the detection results are generally consistent with the MODIS deep blue visible optical depth in spatial distribution. As a whole, all the above analyzed dust cases demonstrate that the proposed
